Abstract:
Electric field control of magnetism is the key to many next generation spintronics applications 1 .
Ferroelectric control of spin polarization 2, 3 followed by the electrically driven repeatable magnetization reversal in the absence of applied magnetic field 4 have proven to be the milestones in this direction. This article propose how these phenomena could be utilized in a reverse manner to gain control over magnetization even in the absence of electric field. In turn, coexistence of positive 5 as well as negative 6 magnetocaloric effect (MCE) is attained in tri-layered PbZr0.53Ti0.47O3-CoFe2O4-PbZr0.53Ti0.47O3 (PZT/CFO/PZT) nanostructures for identical temperature ranges when subjected to different applied magnetic fields. Unlike conventional approaches [5] [6] [7] [8] [9] the present study demonstrate that it is possible to obtain giant MCE merely by magneto-pyroelectric coupling. Consequently, the MCE entropy changes calculated using
Maxwell equations are found to be as large as reported for existing giant MCE values 6,9,10 . 33 and strain-mediated coupling [34] [35] [36] are among the popularly explored mechanisms for having such control. Recently, we have also contributed to develop an understanding of the temperature dependence of MEC 37, 38 . In addition, a non-volatile repeatable magnetization reversal with no applied field has also been demonstrated by Ghidini, M. et al. 4 . This paper utilize the same mechanism but in a reverse manner. It seeks to manifest the control over magnetization even in the absence of an electric field using [40] [41] [42] [43] [44] [45] and a brief review of the experimental details are provided in the following paragraph [43] [44] [45] .
The tri-layered nanostructures were deposited on La0.5Sr0.5CoO3 (LSCO) coated (100)
MgO substrate (see inset Figure 1 ) using pulsed laser deposition technique. The physical characterizations were carried out using X-ray diffraction and micro-Raman spectra (See supplementary Figures S1 and S2 ). The presence of distinct PZT and CFO peaks without the appearance of any additional peak is depicted which reveals that individual ferroelectric and ferromagnetic phases were retained in the configuration. Further, a high-resolution transition electron microscope (TEM) was used to investigate the formation of PZT/CFO/PZT structures and the inter-diffusion of constituent PZT and CFO layers ( Figure S3 ). Thereafter, electrical measurements were performed and the temperature dependent P-E loops thus obtained are highlighted in Figure 1 (a). Figure 1 (b) shows the temperature dependence of the twice remanent polarization. Interestingly, it has been observed that these MLNs illustrate an unusual ferroelectric behavior. Surprisingly, the polarization falls with a decrease in temperature while generally the phenomenon is reversed. A nominal change in polarization with huge fluctuation in frequency eliminates the possibility of surface/interface effects and therefore this unusual shift has been attributed to dominance of dynamic MEC at lower temperatures 43, 44 . Subsequently, the magnetic measurements were performed parallel to the c-axis (applied field was perpendicular to the substrate). thereafter it starts decreasing. Another key observation is that magnetic fields applied beyond 7
kOe are sufficient to overcome the effect of electrical polarization and consequently the magnetization falls with the increase in temperature (Figure 3 (b) ). This is due to dominance of the cumulative magnetization of CFO and LSCO above 7 kOe. Since the magnetization measurements were performed in the absence of applied electric field it would be prudent to label the effect as 'pyroelectric control of magnetization' rather than MEC. Intriguingly, the effect is found to be completely recoverable with excellent fatigue properties tested over 10 8 cycles 44 . The aforementioned phenomena with colossal magnetization, high breakdown strength and low losses make the PZT/CFO/PZT ideal for MCE investigations.
Magnetocaloric effect is the isothermal entropy/heat change procured by adiabatic tuning of magnetization 8 . The effect was primarily exploited for laboratory applications 52 
Here μ0 is the permeability of the free space. The 
C is the specific heat capacity of the material and can be assumed constant in the absence of transitions. This technique is well recognized and independent of microscopic details 10 . We have entirely negative, it has maintained its convexity. Subsequently, the ∆S(H) is entirely independent of pyroelectric control of spin and curves become concave for all applied fields above 1 T. In general, from the perspective of practical applications it is suggested to explore the MCE for fields below 2 T. Hence the ∆S(H) for H>2 T are not shown here. But, the trend is found to be consistent (concave shape is maintained) even for higher applied fields. The positive MCE limit for the H=2 T is found to be 18.15 Jkg -1 K -1 corresponding to 245 K. These values are significantly higher than many existing giant values 6,10 (see Table 1 ∆T are rendered to be 14.9 K (positive MCE at T=300 K) and 1.17 K (negative MCE at T=266 K). However, it is to be noted that these values are not exact and depend upon equilibrium thermodynamics as polarization decays with time 59 . This decay could be of 50 percent of the polarization values measured in short time scale 59 . Coexistence of positive as well as negative MCE in the identical temperature ranges makes for better device prospects if operated in a cyclic fashion using conventional refrigeration cycles [60] [61] [62] [63] [64] [65] or magnetic version of reversed Olsen cycle 66 . Moreover, the configuration is independent of structural transitions 5-9,53-55 which are often responsible for giant MCE. Therefore, in future the nanostructures understudy can be tuned to obtain pyroelectric control over magnetic spin in the vicinity of the structural transitions so as to recover an enhanced MCE. Also, it will be advantageous to operate such systems with coupled electro-magnetocaloric effects. We are working in this direction and hope to come up with a solution soon. It is expected that the present work will help open up new opportunities in the area of solid state devices for the discovery of giant MCE as well as other suitable applications of pyroelectric control over magnetic spin and MEC.
Experimental Details Physical Characterization
The tri-layered nanostructures of PZT/CFO/PZT were deposited from individual PZT and CFO targets on La0.5Sr0.5CoO3 (LSCO) coated (100) MgO substrate using pulsed laser deposition technique. These ceramic targets of 2 cm diameter were initially prepared by the conventional solid-state route and thereafter an excimer laser (KrF, 248nm) with a laser energy density of 1.5
Jcm -2 and pulse repetition rate of 10 Hz were used for deposition. The deposition process was carried out at an oxygen pressure of 13.33 Pa and the substrate temperature was maintained at 400°C. Afterwards the deposited films were annealed at 700 °C for 150 s using a rapid thermal annealing furnace. The total thickness of deposited films was found to be ∼350nm.
Further characterization were performed using by X-ray diffraction (XRD) technique with Cu Kα radiation in a Siemens D500 spinel CFO (overlapping with MgO peaks), (00l), (002) from the LSCO bottom electrode and (002) from oriented substrate. A more detailed description of characterization can be found elsewhere 44 .
Electrical and Magnetic Measurements
The electrical measurements were carried out using Pt sputtered top electrodes with a diameter of ∼200μm through a shadow mask and temperature dependent impedance measurements were carried out at an interval of 20 K in the range from 150 to 400 K. Subsequently, the temperature dependence of magnetic behavior is studied using a Quantum Design MPMS XL-7 SQUID magnetometer. The sample was placed in a standard drinking straw sample holder and the sample space was evacuated multiple times to ensure removal of air by displacing it with He.
Magnetic measurements were carried out parallel to the c-axis (applied field was perpendicular to the substrate). Star symbol denotes the M-H isotherms independent of MEC in respective applied field range.
